, and the precision on the mass splitting is comparable, ±1.8 MeV/c 2 [1] . Among the exclusive decays reported so far, only the observations by the CLEO [2, 3, 4] and FOCUS [5, 6] collaborations are based on data samples of more than 100 events. No absolute branching fractions have been measured, and branching ratios relative to the 'reference modes' Ξ . The large reconstructed samples also allow precise measurements of the Ξ c masses, and in particular the mass splitting between the neutral and charged states.
The decay Ξ 0 c → ΛK 0 S is of particular interest, as it can occur only via the poorly known W -boson-exchange process ( Fig. 1(a) ) or the internal-spectator diagram ( Fig. 1(b) ), in the absence of final state interactions. Theoretical predictions for this mode are based, for example, on a symmetric-quark-model approach [7, 8] , and span a range of branching fractions from 0.4% to 0.7% [9, 10] ; the fraction for the reference decay Ξ c → Ξ − π + is predicted to lie between 0.9% and 2%. This paper is organized as follows. Section 2 describes the detector and data sample, and Section 3 describes the reconstruction of Ξ c baryons. The remaining sections present our determination of the Ξ c masses (Section 4) and branching fractions (Section 5). Section 5.1 presents a study of the resonant substructure of the Ξ 0 c → pK − K − π + decay, improving on the precision of the recent CLEO measurement [4] . 
Detector and data sample
The data used for this study were collected on the Υ(4S) resonance using the Belle detector at the KEKB asymmetric e + e − collider [11] . The integrated luminosity of the data sample is 140 fb −1 .
The Belle detector is a large-solid-angle magnetic spectrometer that consists of a threelayer silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel thresholdČerenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL) located inside a super-conducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return located outside of the coil is instrumented to detect K 0 L mesons and to identify muons (KLM). A detailed description of the Belle detector can be found elsewhere [12] .
Reconstruction
Reconstruction of Ξ c decays for this analysis proceeds in three steps: reconstruction of tracks and their identification as protons, kaons or pions; combination of tracks to reconstruct K 0 S mesons and Λ and Ξ − hyperons; and the selection of Ξ c candidates from combinations of tracks, K 0 S 's and hyperons. The method for each step is described in the following sections in turn.
Track reconstruction and identification
Charged tracks are reconstructed from hits in the CDC using a Kalman filter [13] , and matched to hits in the SVD where present. Quality criteria are then applied. Excepting those tracks used to form K 0 S , Λ and Ξ − candidates, all tracks are required to have impact parameters relative to the interaction point (IP) of less than 0.5 cm in the r − φ plane, and 5 cm in the z direction. (The z-axis is oriented opposite to the direction of the e + beam, along the symmetry axis of the detector.) The transverse momentum of each track is required to exceed 0.1 GeV/c, in order to reduce the low momentum combinatorial background.
Identification of tracks is based on information from the CDC (energy loss dE/dx), TOF and ACC, combined to form likelihoods L(p), L(K) and L(π) for the proton, kaon and pion hypotheses respectively. These likelihoods are combined to form ratios
, spanning the range from zero to one, which are then used to select track samples. Kaon candidates are required to satisfy P(K/π) > 0.9 and P(p/K) < 0.98; the second criterion is to veto protons. This selection has an efficiency of 80% and a fake rate of 3.8% (π fakes K). Protons are required to satisfy P(p/K) > 0.9. Pion candidates, except those coming from the decay of the Λ hyperon, should satisfy both a proton and a kaon veto: P(p/K) < 0.98 and P(K/π) < 0.98.
Electrons are identified using a similar likelihood ratio P e = L e /(L e + L non-e ), based on a combination of dE/dx measurements in the CDC, the response of the ACC, and E/p, where p is the momentum of the track and E the energy of the associated cluster in the ECL. All tracks with P e > 0.98 are assumed to be electrons, and removed from the proton, kaon and pion samples. We reconstruct Λ hyperons in the Λ → pπ decay mode, requiring the proton track to satisfy P(p/K) > 0.1, and fitting the p and π tracks to a common vertex. The χ 2 /n.d.f. of the vertex should not exceed 25, and the difference in the z-coordinate between the proton and pion at the vertex is required to be less than 2 cm. Due to the large cτ factor for Λ hyperons (7.89 cm), we demand that the distance between the decay vertex and the IP in the r − φ plane be greater than 1 cm. The invariant mass of the proton-pion pair is required to be within 2.4 MeV/c 2 (≈ 2.5 standard deviations) of the nominal Λ mass. We reconstruct Ξ − hyperons in the decay mode Ξ − → Λπ − . The Λ and π candidates are fitted to a common vertex, whose χ 2 /n.d.f. is required to be at most 25. The distance between the Ξ − vertex position and interaction point in the r − φ plane should be at least 5 mm, and less than the corresponding distance between the IP and the Λ vertex. The invariant mass of the Λπ − pair is required to be within 7.5 MeV/c 2 of the nominal value (≈ 2.5 standard deviations). 
and four decays of the neutral state,
Combinatorial and BB backgrounds are suppressed by requiring that the momentum of the Ξ c candidate in the e + e − center-of-mass system exceed 2.5 GeV/c. The decay products are fitted to a common vertex, and a goodness-of-fit criterion is applied: for decays (2), (3), (5) and (6), which contain a V 0 (Λ or K 0 S ) in the final state, we require χ 2 /n.d.f. < 10; for the remaining decays, we require χ 2 /n.d.f. < 50. A clear Ξ c baryon signal is observed in the invariant mass distributions of each of the decays studied (Figs. 2-8 ). In particular, we observe the first evidence for the decay Ξ
For each decay mode, we extract the signal yield and the Ξ c mass and width from a fit to the distribution. 
For the decays Ξ
we use a double Gaussian for the signal (the second Gaussian is required to account for the tails in the signal shape) and a linear background function. In each case, the means of both Gaussians coincide within the errors of the fits. The broad enhancement in the M(ΛKπ) distribution (Fig. 6) , below the Ξ c mass, is assumed to be due to Ξ(2370) → ΛKπ decays with an admixture of a kinematic reflection; it is represented with the function f (x) = 1/(1 + exp((|x − x| − σ x )/z)) [14] , where x is the ΛKπ invariant mass and x, σ x and z are parameters allowed to float in the fit. The mass and width of this structure are compatible with the parameters of the Ξ(2370) resonance [1] .
we use a single Gaussian for the signal and a linear background function. In each case the Ξ c width is found to be compatible with the value from Monte Carlo simulation. The fit results are summarized in Table 1 . For each mode where a double Gaussian parametrization is used, the Ξ c mass is taken as the average of the means of the two Gaussians, weighted by their yields. Table 1 Signal yields, fitted Ξ c masses, and reconstruction efficiencies for the Ξ c decay analyses described in the text. The possible bias in the overall mass scale is estimated using two approaches. First we reconstruct the following decays, kinematically similar to the ones under study: Λ
Comparison of the fitted masses of parent particles with world-average values [1] yields a maximum mass shift of +1.4 MeV/c 2 . Second, using Monte Carlo samples, generated and reconstructed masses are compared for each of the decays (1)- (7), yielding a maximum shift of ±0.2 MeV/c 2 . As a result,
2 is assigned as a measure of uncertainty in the overall mass scale. Any such shift is assumed to cancel in the mass splitting m Ξ 0 c − m Ξ + c (Eq. 10).
Ξ c branching ratios
Branching ratios are evaluated by comparing signal yields for the relevant decays, correcting for reconstruction efficiencies as determined from Monte Carlo (Table 1) Table 3 Systematic uncertainties on the branching ratios; errors are given in percent (%).
Branching ratio Numerator Denominator V 0 recon. Hadron ID Total
The following sources of systematic error on the efficiency corrected signal yields are considered: uncertainties in the background shape and signal width (evaluated as described in the previous section), uncertainty due to the limited statistics of Monte Carlo samples used to determine efficiencies, and the uncertainty due to charm fragmentation [15] . The latter contribution is estimated using the deviations between the data and Monte Carlo simulation for samples containing D * mesons, modelled by the fragmentation function of Peterson et al. [16] . The resulting uncertainties are summarized in Table 2 ; the totals are obtained by adding the individual contributions in quadrature.
When determining the branching ratios, uncertainties due to reconstruction of V 0 's and particle identification of hadrons are taken into account. Based on a comparison of yields for the decays
+ in data and Monte Carlo, the uncertainty on the efficiency of K 0 S finding was estimated to be 5.0%. The same value was assigned for Λ finding; in the case (12) we conservatively assume that any such error is anti-correlated with that due to K 0 S finding, and add the uncertainties linearly. Uncertainties on particle identification efficiency are taken to be 1% for each pion and 2% for each kaon; for the cases (11) and (13), we add these uncertainties linearly. Any error in proton identification efficiencies is assumed to cancel in the ratios (11)- (15) . For each branching ratio, the systematic uncertainties from these sources, and from the uncertainties in the yields of the two decay modes ("numerator" and "denominator"; see Table 2 ), are summarized in Table 3 . The total uncertainty is obtained by combining each term in quadrature.
The branching ratio given in Eq. (11) is consistent with the recent FOCUS measurement 0.28 ± 0.06 ± 0.06 [6] , and somewhat lower than the previous CLEO result 0.58 ± 0.16 ± 0.07 [2] ; the ratio (15) is compatible with the CLEO result 0.35 ± 0.06 ± 0.03 [4] . The three remaining branching ratios (12, 13 and 14) are measured for the first time. The branching ratio for the decay Ξ 0 c → ΛK 0 S is in agreement with the existing theoretical predictions [7, 8, 9, 10] . This measurement is in fact more precise than the current range of theoretical predictions and hence can potentially significantly constrain the above models. Fig. 9(a) ), and for combinations in the Ξ 0 c mass sidebands (2.427-2.44) GeV/c 2 and (2.50-2.513) GeV/c 2 ( Fig. 9(b) ). Fig. 10 shows the sideband-subtracted Kπ invariant mass spectrum together with a fit to two components corresponding to resonant Ξ − K * (892) 0 is generated according to a 3-body phase space distribution, and is well-described by a Gaussian and a fourth order polynomial; the non-resonant contribution is parametrized by a fourth order polynomial. In the fit, the only free parameter is the fraction of the resonant component. The fit yields a resonant fraction of 0.51 ± 0.03 ± 0.01, where the systematic error is estimated by varying the parametrization of the two components. The resonant fraction was also recently measured by the CLEO experiment to be 0.39 ± 0.06 (statistical error only). No statistically significant signal for the two-body decay Ξ 0 c → Λ(1520)K * (892) 0 , with the subsequent decays Λ(1520) → pK − and K * (892)
Resonant substructures in the decay
Ξ 0 c → pK − K − π + In the pK − K − π + final0 → K − π + , is observed.
Conclusions
Seven exclusive decays of the Ξ c baryon are observed using data collected by the Belle experiment. The masses of charged and neutral states are determined to be 2468.1 ± 0.4 
